The exotic structures in the 2s 1/2 states of five pairs of mirror nuclei 17 O-17 F, 26 Na-26 P, 27 Mg-27 P, 28 Al-28 P and 29 Si-29 P are investigated with the relativistic mean-field (RMF) theory and the singleparticle model (SPM) to explore the role of the Coulomb effects on the proton halo formation. The present RMF calculations show that the exotic structure of the valence proton is more obvious than that of the valence neutron of its mirror nucleus, the difference of exotic size between each mirror nuclei becomes smaller with the increase of mass number A of the mirror nuclei and the ratios of the valence proton and valence neutron root-mean-square (RMS) radius to the matter radius in each pair of mirror nuclei all decrease linearly with the increase of A. In order to interpret these results, we analyze two opposite effects of Coulomb interaction on the exotic structure formation with SPM and find that the contribution of the energy level shift is more important than that of the Coulomb barrier for light nuclei. However, the hindrance of the Coulomb barrier becomes more obvious with the increase of A. When A is larger than 34, Coulomb effects on the exotic structure formation will almost become zero because its two effects counteract with each other.
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I. INTRODUCTION
Nuclear halo is a kind of exotic structures in which the nuclear matter distribution extends to large radii because of its weakly bound character. Halo nuclei have been extensively investigated both experimentally and theoretically for decades [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] . However, up to date most of the halo nuclei confirmed are the neutron halo. The proton halos observed are rather scarce. Since 8 B and 17 Ne are predicted as proton halos [23, 24, 25, 26] , the first excited state of 17 F [15, 27] and proton-rich isotopes P and S [12, 13, 28, 29, 30] are predicted as the proton halos and some of them are probed experimentally.
There is a popular opinion that it is more difficult to form proton halo because the Coulomb barrier hinders the proton penetrating into the out region of nucleus. However, this may be not true actually in some cases. As will be seen below, for lighter nuclei the proton halo is easier to occur as compared to neutron halo due to the Coulomb interaction. The Coulomb interaction has two effects on the formation of nuclear halo. One of these effects is that it makes the energy level shift closer to the Fermi level thus facilitating the penetration of the valence proton beyond the range of nuclear force. On the other hand, the Coulomb barrier of the proton hinders the formation of halo structure. In the case of lighter nuclei, the former effect is more important than the later one.
Because nuclear force is nearly charge-independent, the structure difference between mirror nuclei should mainly come form the effects of the Coulomb interaction. Therefore, the mirror nuclei in the neutron-rich side would act as a useful reference system to explore the role of the Coulomb interaction on the exotic structure formation. For this purpose, in this work we investigate the structures of five pair of mirror nuclei 17 , we find that for the seven pairs of mirror nuclei, the exotic structure of proton-rich nucleus is more obvious than that of its mirror nucleus, the difference of exotic size between the mirror nuclei becomes smaller with the increase of mass number A of the nucleus, both the ratios of the valence proton and the valence neutron root-mean-square (RMS) radius to the matter RMS radius in each pair of mirror nuclei decrease linearly with the increase of mass number A. In addition, in order to interpret the results above, we calculate in detail two opposite effects of energy level shifted and the Coulomb barrier hindrance on the exotic structure formation by means of the single particle model (SPM) and find that the contribution of the energy level shift is more important than that of Coulomb barrier when A is small. However, the hindrance of Coulomb barrier becomes more obvious with the increase of A. When A is larger than 39, Coulomb effects on the exotic structure formation will almost become zero because its two effects counteract with each other.
II. THE RMF RESULTS AND DISCUSSIONS
As the relativistic mean-field (RMF) theory is a standard method for describing properties of the spherical nuclei and some deformed nuclei and its details can been found elsewhere such as Refs. [31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47] , here we only describe the outline of the theory. For a system with the interacting nucleons, σ, ω, and ρ mesons and photons, the Lagrangian density is written as
where
The nucleon field and the rest mass are denoted as ψ and m, respectively. The meson fields and their masses are denoted by σ, ω, ρ and m σ , m ω , m ρ , respectively. The photon field A µ produces the electromagnetic interaction, and e is its coupling constant. g σ , g ω , g ρ are the coupling constants between the mesons and nucleons respectively, g 2 and g 3 are the non-linear coupling constants of the σ meson. τ 3 is the third component of the isospin Pauli matrices, i.e., τ 3 |n = |n and τ 3 |p = − |p . Using Euler-Lagrang equation, a set of coupled equations for nucleons, mesons and photons can be obtained from the Lagrangian density function, which can been solved self-consistently by iteration under the mean-field approximation. After the final solutions are obtained, some quantities we need, such as the binding energy, single-particle levels, root-mean-square (RMS) radii of neutron and proton density distributions, and so on, can be calculated from the wave functions. In the effective lagrangian density function of the relativistic mean-field m is the mean value of the rest masses of proton and neutron, e satisfies e 2 /4π = 1/137 and m σ , m ω , m ρ , g σ , g ω , g ρ , g 2 , g 3 are free parameters. There are several well-tested nonlinear RMF parameter sets NL1, NL2, NL3 and NL-SH which were obtained by fitting the experimental observables, such as the binding energies and radii of the nuclei [31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47] . For usual RMF calculation there are two methods using spherical coordinate system and cylindrical coordinate system, which are used in calculations of spherical nuclei and reformed nuclei, respectively.
In [41, 45] are chosen for other nuclei, and the Pauli blocking effects are considered. In addition, all nuclei are considered as spherical, which means the deformation effect is omitted to simplify the calculations.
The RMF calculation results for the 2s 1/2 states of five pairs of mirror nuclei and their relative core nuclei are listed in Table I . B exp and B the are the experimental and the calculated binding energies, respectively. R n , R p , R m and R LN denote the calculated RMS radii of neutron, proton, matter and the last valence nucleon density distributions, respectively, ε LN is the single-particle energy of the last nucleon, R LN /R m is the ratio of the valence nucleon RMS radius to the matter radius, and |R n − R p | represents the difference between the proton and the neutron RMS radii. In Table I , B exp are taken from Ref. [48] , in which B exp of the nucleus 26 P is the estimated value (denoted as #) by Audi and Wapstra because its experimental binding energy is unknown. The density distributions of neutron, proton, matter and the valence nucleus in the mirror nuclei is very small, and B the is at most 0.5% off. For other four pairs of mirror nuclei and their core nuclei, there are good agreement between their B the and B exp , in which for four pairs of mirror nuclei, B the is at most 2% off, and for other core nuclei B the is at most 2.5% off. These results show that it is reasonable and reliable for us to use the spherical RMF theory to describes the properties and structures of the nuclei considered.
Second, it can be seen from Fig. 1 that there are long tails in the density distribution of the valence proton of 17 F and the valence neutron of 17 O, compared with their core nucleus. The similar distributions also exist in other four pairs of mirror nuclei. These show that all of the five pairs of the mirror nuclei have exotic structures of halo or skin.
Third, there are obvious differences in exotic size of each pair of mirror nuclei. For example, the binding energy ε LN of the valence proton is much lower than that of the valence neutron in its mirror nucleus, and the RMS radium R LN and |R p − R n | of the valence proton is larger than that of the valence neutron in its mirror nucleus. In addition, it can also be seen from Fig.1 that the tails in the density distribution of the valence proton of 17 F are longer than that of the valence neutrons of its mirror nuclei 17 O. The similar results occur in other four pairs of mirror nuclei. These show the exotic structure of valence proton is more obvious than that of the valence neutron of its mirror nucleus.
Fourth, it can be seen from the change of the values R LN /R m of the five pairs of mirror nuclei in Table I that the values R LN /R m of the valence protons and the valence neutrons in each pair of the mirror nuclei all decrease with increase of mass number A. Also, the difference of exotic size between each pair of mirror nuclei becomes smaller with the increase of mass number A of the nucleus. In order to compare the size of the exotic structure between mirror nuclei more clearly, we plot R LN /R m as a function of the mass number A in Fig. 2 
FIG. 1: The density distributions of neutron, proton, matter, and the last nucleon in
17 O-17 F in the first excited state. Solid, dashed, dotted, and dash-dotted curves are the density distributions of protons, neutrons, matter and halo proton, respectively. The density distributions of their core nucleus 16 O is also drawn for comparing.
The above results can be explained qualitatively by the RMF calculation results. Because the nuclear force is approximately charge-independent and there are the same nuclear force interaction in each pair of mirror nuclei, the difference between the structures of mirror nuclei should only come from the Coulomb interaction. The Coulomb effects on valence proton distribution include two opposite actions. One action is that it makes the energy level shift closer to the Fermi level, which means the valence proton is easier to extend far from the nuclear potential. The other action is that the Coulomb barrier hinders the diffusion of the valence proton and formation of exotic structure. We plot the single nucleon energy levels of 2s 1/2 states of five pairs of the mirror nuclei in Fig. 3 interaction determine the contribution of Coulomb potential to the valence proton dispersion together. Although the RMF theory cannot separate quantitatively the two opposite effects of Coulomb interaction to valence proton, it can be inferred from Fig.4 and 5 that when mass number A is small, the contribution of the energy level shift is more important than that of the Coulomb barrier, but the hindrance of the Coulomb barrier becomes more obvious with the increase of A. When A is about 39, Coulomb effects on the exotic structure formation will almost become zero because its two effects counteract with each other. This qualitative conclusion will be proven quantitatively in the following single-particle model (SPM) analysis. 
III. THE SPM RESULTS AND DISCUSSIONS
In the single-particle model, the nucleus is assumed to be composed of the nuclear core and the valence nucleon outside the core. The normalized single-particle radial wave function in the (nlj) bound state φ nlj (r) can be obtained by solving the Schrödinger equation. The potential is chosen as where the nuclear potential V N (r) is chosen as Woods-Saxon potential
and V C (r) is Coulomb potential. Here the potential depth V 0 of Woods-Saxon potential is adjusted to reproduce the valence nucleon separation energy, r 0 and a 0 are the radius and diffuseness parameter, respectively. In this work, r 0 and a 0 are chosen as the normal values 1.25 fm and 0.65 fm, respectively. The root-mean-square (rms) radius of the distribution of the last nucleon can be obtained from the single-particle radial wave function φ nlj (r) by
The numerical results with the SPM are listed in Table II , where R i denotes the increase of R LN induced by the energy level shifted and R d denotes the decrease of R LN induced by the Coulomb barrier. R c denotes the contribution of total Coulomb effect on the valence proton dispersion and 17 O. This implies that the energy level shifted makes the RMS radius increase 6.68 fm if the effects of Coulomb barrier switch off. However, the Coulomb barrier hinders the exotic formation in reality. The RMS radius of 17 F is less than the result obtained by neglecting the effect of the Coulomb barrier. Therefore, the Coulomb barrier makes RMS radii decrease 5.52 fm. In Table II , "-" of R d values shows decrease of the valence proton dispersion. It shows that two effects of the Coulomb interaction are opposite on the formation of exotic structures of valence proton, and the contributions of the energy level shifted are more important than that of the Coulomb barrier. The same calculations are applied to the other pairs of mirror nuclei. In order to show these rules more clearly, the variations of R i , R d and R c with the mass numbers are given in Fig.6 . It is seen from Table II and Fig.6 that the two effects of the Coulomb interaction on the valence proton dispersion are opposite, and when mass number A is smaller the contribution of the energy level shifted is more important than that of the Coulomb barrier hindrance. However, the hindrance of the Coulomb barrier becomes more obvious with the increase of A, and total effect of the Coulomb interaction on the valence proton dispersion decreases linearly with increase of the mass number A of the nucleus, and when A is larger than about 34, Coulomb effects on the exotic structure formation will almost become zero because its two effects counteract with each other. These conclusions are in good agreement with those obtained with RMF although there are some differences in their values, which maybe come from the difference between the two theoretical models RMF and SPM.
IV. SUMMARY
In summary, we have investigated the exotic structures in 2s 1/2 state of five pairs of mirror nuclei 17 O-17 F, 26 Na-26 P, 27 Mg-27 P, 28 Al-28 P and 29 Si-29 P with RMF and SPM in order to explore the role of the Coulomb interaction on the proton halo formation. By analyzing the RMF results, we find that the exotic structure of valence proton is more obvious than that of the valence neutron of its mirror nucleus, the R LN /R m values of the valence proton and the valence neutron of each pair of mirror nuclei decrease linearly with the increase of mass number A of the mirror nuclei, and the difference between the values of each pair of mirror nuclei becomes smaller linearly with the increase of mass number A. When A is about 39, the difference closes zero. By analyzing quantitatively two opposite effects of the Coulomb interaction on the valence proton dispersion in some mirror nuclei with SPM, we find that the contributions of the energy level shift are more important than that of the Coulomb barrier, and the total Coulomb effect on the valence proton dispersion becomes smaller linearly with increase of the mass number A, and it closes zero when A is larger than 34, which means two effects of Coulomb interaction on valence proton counteract with each other. These results basically agree with the conclusions obtained by RMF.
